, and excess NO 3 has been identified as a leading contributor to hypoxia zones at over 300 locations in US estuaries and coastal waters (CENR 2010). In the Mississippi River basin, much of the NO 3 comes from row crop production where large amounts of nitrogen (N) fertilizer are used to optimize production of annual crops that essentially grow only four months of the year. The upper Midwest in particular is the dominant source of NO 3 to the Mississippi River (Robertson et al. 2009 ), and it has been shown that most of the NO 3 enters surface waters through an extensive network of subsurface drain pipes (Jaynes et al. 1999; Goolsby et al. 2001; Royer et al. 2006; David et al. 2010) . These drainage pipes, often Abstract: Drainage water management (DWM) is a potentially valuable management practice for reducing NO 3 losses to surface waters in areas of artificial drainage. But the practice is essentially untested in Midwest United States conditions and its water quality and crop yield benefits uncertain. This paper reports results from applying DWM to a 22 ha (54 ac) production field in central Iowa as part of a five-state Conservation Innovative Grant effort to document the impact of DWM across the Midwest. Three of nine plots in an existing tile drainage research site were retrofitted with control structures so that the drainage level could be controlled. Water flow from the tile in each plot, NO 3 concentration in the drainage, and crop yield were measured over a four year period from 2006 to 2009. The field was in a two year corn (Zea mays L.)-soybean (Glycine max [L.] Merr.) rotation with nitrogen (N) fertilizer applied before the corn crop only. During four years of monitoring tile flow, there was a significant (p = 0.05) 21% decrease in tile flow, no significant decrease in NO 3 concentration, and a significant 29% reduction in NO 3 load leaching from the DWM treatment compared to conventional drainage. No yield benefits from DWM were observed for the two year average for corn (2006 and 2008), but a significant yield increase of 8% was observed for the two year average for soybean (2007 and 2009). For the four years monitored in this study, it is unclear if the yield increase for soybean versus no increase for corn was due to weather patterns or because corn and soybean responded differently to the raised water table caused by DWM.
termed tile drains or tiles, underlie much of the Midwest (Zucker and Brown 1998) and are essential for modern agriculture.
Nitrogen fertilizer management alone cannot reduce NO 3 losses from drained fields sufficiently to meet most water quality goals (Dinnes et al. 2002) , and despite the expenditure of considerable resources for the adoption of modern conservation practices, there has been little change in NO 3 levels in the surface waters draining to the Gulf (USDA NRCS 2010; Sprague et al. 2011) . Thus, additional practices that reduce or remove NO 3 in surface waters are needed. Because the predominant pathway for NO 3 entering surface waters is via tile drainage, it makes sense that reexamining the design and management of subsurface drainage networks could result in reductions in the NO 3 loading of Midwest streams.
Drainage water management (DWM), often called controlled drainage, is a potentially valuable management practice for reducing NO 3 losses to surface waters in areas of artificial drainage (Evans et al. 1995) . Drainage water management differs from conventional free artificial drainage (CNV) in that a control structure, such as a flashboard riser, is installed at the drainage outlet. By setting the elevation of the riser, the depth of the water table can be adjusted whenever drainage occurs. Typically, DWM is used to raise the outlet close to the soil surface during the winter or off-season when a high water table within a field would not hinder agronomic activity or crop growth. During planting and harvesting, the control structure is set so that the outlet is at the maximum depth of the drainage outlet to drain the field for good trafficability and seed bed tilth. The option also exists with DWM to manage the water table during the growing season to retain some water in the field that would otherwise drain and have it available for crop uptake (Skaggs and Gilliam 1981) .
DWM has been found to primarily reduce the annual amount of water flow at the drain outlet (Evans et al. 1995; Wesström and Messing 2007) rather than lower the concentration of NO 3 in tile flow (Gilliam et al. 1979 ). This reduction in water flow has been shown to reduce the loss of agricultural chemicals, such as NO 3 , dissolved in the water by 30% to 50% (Evans et al. 1995) . While Evans et al. (1995) estimated that DWM is being used on as much as 800,000 ha (1,977,000 ac) in the United States, little is known about the potential impact of this practice for reducing NO 3 contamination in the Midwest. The objective of this research was to quantify the impact of DWM compared to CNV on water and NO 3 losses in tiles from a patterned-tiled production field in central Iowa over four years (2006 to 2009) . The potential for yield increases with DWM was also assessed by comparing corn (Zea mays L.) and soybean (Glycine max [L.] Merr.) yields under DWM versus CNV.
Materials and Methods

Site Description and Tile Flow Measurement.
The research was conducted on a 22 ha (54 doi:10.2489/jswc.67.6.485 ac) privately owned field in central Iowa, United States (42.20°N, 93.60°W), chosen for its uniformity of soils and terrain (Brevik et al. 2000) and the presence of an existing pattern-tiled drainage system (figure 1). Soils within the field are in the Kossuth (fine-loamy, mixed, superactive, mesic Typic Endoaquolls)-Ottosen (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) association. Harps (fine loamy, mixed, superactive, mesic Typic Calciaquolls) and a small area of Okoboji (fine, smectitic, mesic Cumulic Vertic Endoaquolls) soils are also included. These clay loam soils were formed on nearly level lacustrine sediments, range from very poorly to somewhat poorly drained, and have surface soil organic carbon contents ranging from 14.1 to 51.6 g kg -1 (7 to 25.8 lb tn -1 ) or 1.41% to 5.16% (Bakhsh et al. 2000) . Large-scale row crop agriculture on these soils was possible only after installation of subsurface drainage systems to lower the water table in spring and early summer (Hewes and Frandson 1952) .
In 1992, new subsurface drainage lines were installed in the field at a depth of 1.22 m (4 ft). Twelve lengths of 10.2 cm (4 in) diameter plastic corrugated drainpipe were installed west to east across the field. The drains were approximately 500 m (1,640 ft) in length and were installed parallel to each other with a separation of 36.5 m (120 ft) for the southern four tiles and 27.4 m (90 ft) for the other eight. Over the last 10 m (33 ft), the tiles sloped downward to connect to a north to south running lateral installed 1.45 m (4.75 ft) below the surface. Average surface slope along the tile drains was approximately 0.8%.
The tile lines were intercepted before they intersected the collection lateral on the east side of the field. A 0.6 m (2 ft) diameter corrugated plastic culvert was installed vertically at the interception point of each tile to serve as a sump (figure 1). Tile flow was pumped from each sump into the collection lateral using a submersible sewage ejector pump equipped with a high/low-level shutoff switch. Flow volume versus time was measured with a 2.54 cm (1 in) diameter C700 digital flow meter (Elster AMCO, Ocala, Florida) and recorded with a CR10X datalogger (Campbell Scientific, Logan, Utah). Cumulative tile flow was calculated by summing the yearly flow volume from each tile and dividing by the area of each plot. The plot drainage areas were assumed equal to the length of the tile lines multiplied by the Figure 1 Location of the experimental field and individual tile drains. Broken lines are drains that were not used in this experiment. Also shown are schematics for the sump containing the tile flow and water sampling equipment and the structure used to control the drainage outlet height of the drainage water management plots.
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Field layout distance separating midpoints between the parallel tiles. Flow-weighted composite water samples were collected in glass jars connected by a capillary tube to the sump pump, such that a proportional sample was collected each time water was pumped. Water samples were returned to the laboratory on a weekly or shorter basis, depending on tile flow rate, and chilled to 4ºC (39ºF) until analysis. Water samples were analyzed for NO 3 using a Lachat 8000 (Zellweger Analytics, Lachat Instrument Division, Milwaukee, Wisconsin). The method quantitation limit was 0.3 mg N L -1 (0.3 ppm N) as NO 3 . Annual mass loss of NO 3 from each tile was calculated by multiplying the NO 3 concentration of the composite sample times the volume of water flow during the time the composite sample was collected and summing over all samples in a calendar year. Annual flow-weighted average NO 3 concentrations (FWANC) were computed by dividing the annual mass loss by the total annual flow.
Drainage Treatments. The twelve tiles served as the center-lines for treatment plots that were grouped into three blocks. The four tiles in the southern block were each intercepted 2 m (6.6 ft) in front of the sump and retrofitted with water level control boxes (Agri Drain Corporation, Adair, Iowa) (figure 1) . In addition, 6.1 m (20.0 ft) of the slotted drainage pipe upstream from the box was replaced with solid plastic pipe in the fall of 2005 to control the drainage water outlet elevation and to prevent flow by-pass of the control box. For this study, only three tileplots within each block were used for a total of nine plots-three for DWM and six for CNV. Drainage water management consisted of raising the outlet in the control structures to 0.1 m (4 in) below the soil surface after harvest, lowering the outlets to the elevation of the tile several weeks before planting, and raising the outlets to 0.61 m (2 ft) below the soil surface in June after all crop management activities had been completed (table 1). In the fall, the outlet elevations were lowered to the elevation of the tiles two weeks before harvest, then raised again after harvest and fall tillage. The water table was measured and recorded hourly at the control structures with Global Water WL16 water level loggers. Given the average slope of the field (0.8%), we assumed that raising the outlets by 1 m (3.3 ft) would affect the water table at a maximum distance of ~125 m (410 ft).
Crop Production and Yield Measurements. The field was planted to corn in 2006 and 2008 and soybean in 2007 and 2009 and was in a two year corn-soybean rotation prior to this time (table 1). Primary tillage consisted of fall chisel plowing. A field cultivator was used to prepare the soil for planting and incorpo- ). The cooperating farmer performed all operations other than N fertilization and harvesting as part of his normal production practices.
No N fertilizer was applied to soybean in 2007 or 2009. For corn, all plots received their initial N application as 28% UAN (urea ammonium nitrate) applied in a slot by a Blue-Jet coulter applicator between the V2 and V3 crop growth stages (Ritchie et al. 1989) . One DWM plot was paired with two CNV plots for each N treatment. ) N was applied either in one application at V2 crop growth stage or split between two applications as in 2006.
Grain yield was measured along a single transect within each of the nine subsurface drainage plots using either a modified Gleaner K combine or a modified John Deere 4420 combine (Colvin 1990 ) with a weigh-tank in the grain hopper. The harvest transects were offset from the drain line by about 3 m (10 ft) to avoid soil disturbed by tile installation. Along a transect, a 15.5 m (50 ft) length was harvested, the combine's forward motion stopped with the separator engaged to allow grain to finish cycling through the combine, and the grain weighed and moisture content measured. A single strip was harvested from each transect. The strips were 2.29 m (7.5 ft) wide or three rows for corn and 3.96 m (13 ft) wide for soybean. For corn, end rows were harvested in the transverse direction for the entire width of the plot in 2.29 m wide swaths (3 rows). Yields for the first 100 m (300 ft) from the control structures were measured as this was the distance assumed to be affected by the water table management during the growing season. All grain weights were adjusted to a moisture content of 155 g kg -1 (77.5 lb tn -1 ; 15.5%) for corn and 130 g kg -1 (65 lb tn -1 ; 13%) for soybean. Grain samples were collected from each plot and grain protein determined using near-infrared spectroscopy at the Iowa State University Grain Quality Laboratory.
Soil and Weather Measurements. Six soil cores were taken randomly in November after harvest from the east 100 m (328 ft) of each plot. The soil cores were taken midway between rows to a depth of 1.2 m (4 ft) by pushing a 38.1 mm (1.5 in) diameter steel soil probe, fitted with a removable acetate liner, into the soil with a hydraulic ram. The soil core and liner were removed from the steel probe, capped on each end, and stored at -10°C (14°F) until NO 3 extraction. The frozen soil cores were cut into 150 mm (6 in) long sections, removed from the liners, thawed, and mixed by hand. Three 20 g (0.7 oz) subsamples were taken from each section for determination of soil water, NO 3 , and ammonium (NH 4 ) content. Water content was determined by the change in weight from drying one soil subsample at 105°C (221°F) for a minimum of 12 hours. The other subsamples were weighed, mixed with 100 mL (6 in 3 ) of 2 M KCl, shaken, and filtered. Nitrate concentrations were measured as described above and had a minimum quantitation level of 0.1 mg N kg -1 (0.1 ppm N). Ammonium was determined colorimetrically by flow injection analysis using a Lachat 8000 and Lachat QuikChem method 12-107-06-2-A for a detection limit of 0.5 mg N kg -1 (0.5 ppm N). Mass of NO 3 and NH 4 in the soil (kg ha -1 ) was computed by multiplying the respective species mass concentration by the average bulk density of each 15 cm (6 in) layer of soil and summing over depth.
Rainfall and temperature were measured starting in 1996 with a tipping bucket rain gage and recorded every hour at a location less than 0.5 km (0.31 mi) from the field. Missing data and precipitation data when temperatures were below 0ºC (32ºF) were obtained from the National Climatic Data Center for a weighing rain gage located 2 km (1.25 mi) away. Potential transpiration was taken from a site 10 km (6.2 mi) south of the field (Herzmann 2011) . Actual evapotranspiration (ET) was computed using the daily Penman equation and the appropriate crop coefficient for cumulative growing degree days since planting taken from the High Plains Regional Climate Center (2011).
Statistical Analysis. Annual tile water flow, FWANC, NO 3 mass loss, and crop yield for individual years were analyzed for drainage effects using the PROC ANOVA procedure (SAS Institute Inc. 1999). Data for 2006 to 2009 were combined and analyzed for year and tile flow effects using the PROC MIXED procedure. Because treatments were not rerandomized each year on the drainage plots, a repeated measured method was used for the combined data with year as the repeated measure and drainage plot as the experimental unit. Various covariance structures for the plots response over time were tested and the one giving the lowest values for Akaike's information criterion and Schwarz's Bayesian criterion was used (Littell et al. 2000) . Years were combined separately for the corn and soybean crops before computing differences using year as the repeated measure. Tukey's test at the p = 0.05 level was used to compare treatment means when the analysis of variance indicated significant effects at the p = 0.05 level (SAS Institute Inc. 1999). Table 3 shows the difference between monthly precipitation and computed ET during the growing seasons for 2006 to 2009. In all years, there was an excess of precipitation over ET in the months of April and May. In 2006 and 2007, the excess turned into a marked deficit in precipitation for June and July. The deficit in these two months exceeded 15 cm (6 in)-more water than could be stored at field capacity and that would be available to a crop in the soil root zone of these clay loam soils (Foth and Turk 1972) . Thus, holding back some water that would normally have drained in April and May could potentially have increased water available to the crops in 2006 and 2007 and increased yields. In contrast, rainfall in 2008 exceeded computed ET in all months except August and September, and the deficits in these two months were less than what could be stored in the soil and supplied to the crop. In 2009, ET exceeded rainfall in July, August, and especially in September. However, holding back some tile flow from earlier in the growing season would not have been expected to increase yields by providing additional water to the crop in August and September due to deep seepage lowering the water table before that time.
Results and Discussion
Drainage Loss. In DWM, setting the height of the gates on the control structure only sets the high water table level if the tile drains are flowing. The water table is free to drop below this level if ET, deep percolation, lateral flow, or leakage around the structure exceeds recharge of the water table from above. Figure 2 shows the height of the outlet control and the average water table height for the three DWM plots. In 2007 to 2009, the control structure was set to a height of 112 cm (44 in) above the tile invert or 10 cm (4 in) below the soil surface throughout the winter until early April ( or early April of the other years after the soil thawed and infiltration resumed. From April until mid-June, the control structures were opened so the water table could fall to the depth of the tile (1.22 m [4 ft]) to allow for field operations. Large recharge events during this period would often result in the water table rising above the height of the tile during peak flow events. Starting in late May to late June, depending on year, the control structure was set to an average height of 60 cm (2 ft) above the tile invert or the equivalent of 60 cm (2 ft) below the soil surface. Internal soil drainage was typically sufficient for a few weeks after raising the gates to maintain the water table at the structure at or above this set height. Increasing ET from the growing crop and decreasing rainfall usually resulted in the water table falling to or below the level of the tile late in the growing season despite the outlet control. The fall of the water table was most likely hastened due to deep percolation, some lateral flow from the field, and perhaps subsurface water leaking around the control structure and entering the collector drain. In all years except 2007, the control structure was opened before harvest to allow for complete field drainage. After harvest, the control structure was again set at the 112 cm (44 in) height above the tile invert in all years except 2009, but only in 2006 was there sufficient tile flow in the fall to raise the water table to this height.
Annual tile flow from the plots was quite variable, reflecting the corresponding variability in seasonal rainfall (figure 3 and table 4). Annual tile flow from the freely draining plots ranged from 232 mm (9.1 in) in 2006 to over 406 mm (16 in) in 2007. Most of the tile flow occurred in the spring of each year, followed by a period starting in July or August when the tiles ceased flowing. In each of the years of this study, especially 2006 to 2008, sufficient rainfall occurred in the fall to start tile flow again, which is fairly uncommon in mid-Iowa over the past 15 years (Helmers et al. 2005 ). On average, tile flow from the free drainage plots represented from 26% to 41% of the annual precipitation, which is typical of other drainage studies in Iowa (Helmers et al. 2005; Jaynes et al. 2008) .
Annual DWM tile flow ranged from 172 to 322 mm (6.8 to 12.7 in) over the four years and was less than flow from the CNV plots for each year. Cumulative tile flow was markedly less for the DWM plots than the CNV plots early in the years 2006 and 2007, but the greatest differences occurred during the summers of 2007 and 2008 when the control structure was set to a height of 60 cm (2 ft). Statistical comparison of the annual tile ) of water compared to the CNV treatment or about 21% of the CNV tile flow. This flow reduction is less than the 30% to 60% reduction found in most other DWM studies (Gilliam et al. 1979; Evans et al. 1995; Fausey et al. 2004) but greater than the 12.5% reduction found by Smith and Kellman (2011) and the 16% reduction by Brevé et al. (1997) . The lower reductions found here may be due to the gentle slope (0.8%) at this site causing much of the field to not be under the influence of the water table control structures.
Nitrate Loss. Flow-weighted average NO 3 concentrations for the CNV and DWM treatments are shown in table 4. Annual FWANC ranged from 6.9 to 13.1 mg N L -1 (6.9 to 13.1 ppm N) for the CNV treatment and from 6.4 to 11.2 mg N L -1 (6.4 to 11.2 ppm N) for the DWM treatment. These are somewhat less than FWANC measured at this site in earlier studies for comparable N fertilizer rates (Jaynes et al. 2001; Jaynes and Colvin 2006 ) and may be a reflection of the greater tile flow and possible dilution that occurred during this study. While FWANC for the CNV treatment was always numerically greater than for the DWM treatment, there was no statistical difference between the treatments across years. Averaged over the four years, NO 3 concentrations for the CNV treatment were greater than for the DWM treatment by 1.4 mg N L -1 (1.4 ppm N) or about 13%, but the difference was not significant (p = 0.05). These results are similar to most other DWM studies, where little to no significant differences have been found in NO 3 concentrations from this practice (Evans et al. 1995; Thomas et al. 1992) .
Mass losses of NO 3 for DWM were numerically lower than for CNV in every year and for the four years combined (table  4) ) for the DWM treatment. Mass loss of NO 3 appeared to be more influenced by the amount of rainfall and tile flow than by the crop growing that year. This behavior has been observed by many others (Gilliam et al. 1979; Evans et al. 1995; Wesström et al. 2001 ) and illustrates the importance of hydrology on NO 3 losses from Table 4 Mean and its standard error for tile flow, flow-weighted average nitrate concentration (FWANC), and mass loss of nitrate for conventional drainage (CNV) and drainage water management ( ) for a 29% reduction in NO 3 mass loss.
Other researchers have measured greater reductions in NO 3 mass from DWM than found here. Gilliam et al. (1979) observed a 50% reduction in NO 3 mass loss in North Carolina while Fausey et al. (2004) observed a 45% reduction from corn and soybean crops in Ohio for DWM. Similar to this study, Tan et al. (1998) measured a 25% reduction in NO 3 mass loss from no-till fields and a 14% reduction from conventionally tilled fields over two years in southern Ontario, Canada. Even lower reductions of 14% have been reported by Smith and Kellman (2011) and of 11% by Brevé et al. (1997) . Thus, our results fall about in the middle of the range observed for the reduction in NO 3 mass loss due to switching to DWM from CNV and were similar in magnitude to the measured reduction in tile flow (21%). The lack of corn yield response to DWM found here is similar to that found for corn by Fausey et al. (2004) in Ohio and Grigg et al. (2004) in Louisiana. Fausey et al. (2004) also found no yield response for soybean, while in this study, soybean yields were significantly greater for DWM in 2007 and for 2007 and 2009 combined. Greater yields for DWM compared to CNV were also observed for small grains in two of three years in southern Sweden (Wesström and Messing 2007) with yield increases ranging from 9% to 18%, whereas CNV resulted in 14.5% greater corn yields than DWM in small plots in Nova Scotia, Canada (Smith and Kellman 2011) .
The lack of consistent yield responses for DWM may be because DWM holds the water table higher within the soil only when there is excess precipitation. The inability to hold a consistently higher water table may limit DWM compared to systems where a consistently higher water table is maintained through a combination of DWM and subirrigation and in which yield increases of 10% to 64% have been reported for corn and soybean (Fisher et al. 1999; Barnett et al. 1997) . However, corn and soybean yields appear to be sensitive to the depth to which a constant water table is held with the greatest yields observed when the water table is at least 0.9 m (3 ft) below the soil surface (Kalita and Kanwar 1993; Busscher et al. 1992) . The modest to absent yield benefits observed here for DWM are consistent with modeling studies of DWM across the Midwest that show only about a 3% to 4% yield increase with DWM over CNV for corn and soybean with considerable variability across years and locations (Thorp et al. 2008; Ale et al. 2009 ). Soil Nitrogen. Residual soil NO 3 content after harvest was greater in the CNV treatments than the DWM for most depths and years (figure 4). For most depths in 2006 and 2009, the differences were significant (p = 0.05), but differences were significant for only two depths in 2007 and no depths in 2008. Residual soil NO 3 contents tended to decrease with depth, perhaps reflecting the (table 6) . Lower NO 3 and higher NH 4 concentrations may indicate that the soil environment in the DWM plots was more reducing than in the CNV plots thus favoring the reduced form of N. Less well oxygenated soil would be expected in the soils of the DWM plots due to the generally higher water tables. Overall, there was less residual mineral N (NO 3 + NH 4 ) in the soil of DWM plots than the CNV plots. This is in contrast to Lalonde et al. (1996) who measured no significant difference in either NO 3 or NH 4 concentrations at three depths within the soil. The differences observed here may have been due to greater uptake of N by the crops in the DWM plots. However, there was no significant difference in grain N content between the drainage treatments for any year (data not shown). Grain N content averaged 12.2, 55, 10.5, and 53 g kg -1 (6.1, 27.5, 5.3, 26.5 lb tn -1 ) or 1.22%, 5.5%, 1.05%, and 5.3% for 2006 to 2009, respectively. The residual soil NO 3 differences may have been due to differences in yield, but yield was only significantly greater for DWM than for CNV in the 2007 soybean year and for the soybean years combined (table 5) and not in the corn years, such as 2006, when the greatest difference in residual soil NO 3 was found. Conversely, more N may have been lost from the soil in the DWM treatment because of increased denitrification (Kliewer and Gilliam 1995) . Wesström and Messing (2007) also observed less mineral N in the soil profile at harvest for DWM than for CNV and attributed much of the difference to higher N uptake by the crop.
Summary and Conclusions
During four years (2006 to 2009) of monitoring tile flow from a production field in central Iowa, there was a statistically significant 21% decrease in average tile flow, no significant decrease in average FWANC, and a significant 29% reduction in average NO 3 leaching for DWM compared to CNV. No yield benefits were observed for two years of corn (2006 and 2008) , but a significant increase of 8% was observed for the two year (2007 and 2009) average soybean yield. The operation of the DWM systems in this study was based on the scenario described in Skaggs and Gilliam (1981) . Modifications of the outlet heights within the control structures and the timing of the raising and lowering of the set heights may have affected the performance for DWM at this site (Ale et al. 2009 ). However, we are unaware of any research for optimizing the operation of DWM for the soils, climate, and crops in central Iowa.
From the limited four year dataset of this study, it is unclear if the yield increase for soybean versus no increase for corn was due ]), the soybean yield increase from DWM would return on average $65 y -1 for the 1.1 ha (2.7 ac) area under the influence of the three control structures installed in this study. Given that the cost of the structures and installation is on the order of $3,000 (Jaynes et al. 2010) , the modest yield increase for soybean in this study would not be sufficient to encourage the farmer to adopt DWM just for the yield benefits. Thus, if DWM is to be widely implemented for the water quality benefits it provides, either locations where a greater area of the field is under the influence of the control structures need to be identified (fields with < 0.8% slope studied here), or incentive programs that share the cost of installation and management of the control structures need to be developed to increase the adoption rate.
